In nano-confinements, aqueous solutions can be found to remain in a liquid state at subfreezing temperatures. The finding provides a means of entering into previously inaccessible temperature regions for studying the dynamics and structure of bulk liquid. Here we show that studying biomolecular structures in nano-confinements improves the accuracy of cryostructures and provides better insight into the relationship between hydration water and biomolecules. Synthetic prion protein peptides are studied in two experimental conditions: (i) in confined nanochannels within mesoporous materials, and (ii) in vitrified bulk solvents, with a temperature range of 50-275 K, using cw/pulse ESR techniques. A large inhomogeneous lineshape broadening is only observed for the spectra from the vitrified bulk solvent below 70 K, suggesting a possible peptide clustering in the solution. The spin-counting and distance measurements by DEER-ESR provide further evidence that peptides are dispersed homogeneously in mesopores but heterogeneously in vitrified solvents wherein the biomolecular structure is disturbed due to heterogeneity in the bulk solvent structure. Our study demonstrates that the nanospace within mesoporous materials provides an amorphous environment that is better than vitrified bulk solvent for studying biostructures at cryogenic temperatures.
In nano-confinements, aqueous solutions can be found to remain in a liquid state at subfreezing temperatures. The finding provides a means of entering into previously inaccessible temperature regions for studying the dynamics and structure of bulk liquid. Here we show that studying biomolecular structures in nano-confinements improves the accuracy of cryostructures and provides better insight into the relationship between hydration water and biomolecules. Synthetic prion protein peptides are studied in two experimental conditions: (i) in confined nanochannels within mesoporous materials, and (ii) in vitrified bulk solvents, with a temperature range of 50-275 K, using cw/pulse ESR techniques. A large inhomogeneous lineshape broadening is only observed for the spectra from the vitrified bulk solvent below 70 K, suggesting a possible peptide clustering in the solution. The spin-counting and distance measurements by DEER-ESR provide further evidence that peptides are dispersed homogeneously in mesopores but heterogeneously in vitrified solvents wherein the biomolecular structure is disturbed due to heterogeneity in the bulk solvent structure. Our study demonstrates that the nanospace within mesoporous materials provides an amorphous environment that is better than vitrified bulk solvent for studying biostructures at cryogenic temperatures.
M esoporous material provides a highly specific surface area and well-ordered pore structures with uniform mesopores adjustable in nanometer range (1) . It is useful for studies of biocatalysis, biosensors (2-4), protein crystallization (5) , and protein dynamics in confined nanochannels at high temperatures, such as room temperature (6) . A key advantage of studying biomolecules entrapped within mesoporous materials is that biomolecular interactions (e.g., protein-protein interactions) can possibly be isolated/induced by tuning the structure of mesopores. Mesoporous material has recently been found to be an ideal host to confine water molecules in a nanochannel to avoid ice crystallization (7) , making it possible to investigate the anomalous dynamic properties of water molecules in very low temperature ranges (e.g., 150-235 K, so-called "no-man's land") (8) , wherein noncrystalline water was assumed to not exist (9, 10) . The evidence of noncrystalline states of confined water (e.g., high/low-density amorphous solid-like local structures) inside the "no-man's land" has been made by using experimental techniques such as neutron scattering, NMR, and spin-label ESR spectroscopy (11) (12) (13) (14) (15) . Spinlabel ESR has been demonstrated as an extremely valuable tool to provide evidence for the determination of the glass transition temperature of water and the coexistence of low and high-density liquids at subfreezing temperatures (13, 16) .
The study of noncrystalline (i.e., glassy liquid or amorphous solid) solvent is also important for life at subfreezing conditions, and for the commercial preservation of proteins, cells, and many other biological samples (17, 18) . The behavior of water/solvent in confined nanospace is crucial in nature, because most of the water in living organisms is closely associated with numerous biomolecules and is packed within a nanoscale space in cells. Correct knowledge of the state/structure of solvent molecules around biological macromolecules would substantially affect the explanation of the structure-function relationship of biomolecules (17, 18) . Correct knowledge of the liquid state of solvent is also important for advancing the art of tissue cryopreservation. Unfortunately, the topic of how the structure of biological macromolecules may be affected by the structure/dynamics of its nearest surrounding solvent molecules has not been thoroughly investigated. At low temperatures, such as cryogenic temperatures, it is most straightforward to gain insights into the important relationship between protein dynamics and the behavior of local solvent molecules.
In structural biology and biophysical studies, many structural models are derived from diffraction data recorded at cryogenic temperatures. In recent years, evidence has been gathered to suggest that cryostructures determined in a vitrified bulk solvent do not necessarily portray biological macromolecules at thermodynamic equilibrium (19, 20) . Cryoartifacts in bulk solvent during flash-cooling could obscure the intrinsic conformational heterogeneity of proteins, requiring caution in the interpretation of cryostructures. An alternative to studying protein structure in a less disruptive environment, wherein local heterogeneity of solvent structure is adjustable to be minimized, has been long desired.
In this study, we employ several cw/pulse spin-label ESR techniques to explore how the conformational structure of a biomolecule can be correlated with the structure of solvents over a wide temperature range of 50 K to 275 K. The biomolecules are studied in vitrified bulk solvent, as opposed to encapsulated (with aqueous solution) within mesoporous material. A linear 26-mer polypeptide, known as "n3" (21), corresponding to the sequence of the segments helix H1 and β-strand S2 in a normal human prion protein, is used as a model in the study. Two mutations of n3 are prepared that carry one nitroxide spin label at the ninth site (denoted by n3-150R1) and at both the third and ninth sites. A mesoporous material is used: MSU-H, which has a cross-linked hexagonal pore structure with an average pore size of 7 nm. The material was previously found to be effective in reducing the tumbling motion of the spin-labeled n3 peptides and giving no rise to the change of molecular structure and conformation of the encapsulated peptide (6). sulated n3-150R1 appear to display typical rigid-limit lineshape, indicated by the fact that the outer peak separation is close to 2A zz (ca. 75 Gauss) and invariant with temperature. This observation indicates the following: (i) the global tumbling of the peptides is sufficiently slow due to the nano-confinement effect within mesopores, (ii) the rotational correlation time is close to the lower bound of ESR time scale, and (iii) the local solvent structure, as reported in the spectra of the solvent-exposed site studied, changes insignificantly within the varied temperature range. It is consistent with several recent studies that a nanochannel is useful for slowing down the tumbling motions of molecules in solution within mesopores (6, 22) . The spectra of the two cryogenic temperatures (i.e., 70 and 50 K) were observed to be greater in the linewidth of each peak than those for 275 and 200 K. At lower temperatures, the rotation of the ring methyl groups of the spin label is slow, relative to the electron-proton hyperfine interactions (23, 24) . As a result, the ring methyl groups contribute inequivalently to the unpaired electron, resulting in the linewidth broadening of individual peaks. The inequivalent hyperfine interactions from the methyl groups are averaged out at higher temperatures.
The spectra of the n3-150R1 in the bulk solution (i.e., in an aqueous solution mixture of cryoprotectant/PB) are illustrated in Fig. 1 . The solid and dashed lines represent the spectra for the solution mixture conditions, 40% sucrose/PB and 40% glycerol/ PB, respectively. The spectra in the dashed lines were intentionally plotted with a y-axis shift for a clear presentation of the spectra. Sucrose and glycerol are commonly used as cryoprotectants in glass-forming solutions for low temperature experiments. At 275 K, the spectra of the n3-150R1 from the two aqueous viscous solutions exhibit a significantly faster tumbling motion than those from the mesopores, which is consistent with the previous finding (6) . As the temperature was decreased to 200 K, both spectra were similar to the spectrum of the encapsulated n3-150R1, indicating that the tumbling motion of the peptide in the solution conditions is sufficiently slow and comparable to the tumbling motion in the mesopores. It also suggests that the states of the solution structure in the vitrified bulk solvent are similar to those in the mesopores at 200 K. As the temperature was further decreased to cryogenic temperatures, a substantial linewidth broadening was observed for the spectra collected from the bulk solution studies. Because the n3 peptide was unable to form dimer/oligomer, even in millimolar range (21) , and no significant linewidth broadening can be observed at/above 200 K, the distinct linewidth broadening is likely caused by a clustering of the peptides within a limited space at cryogenic temperatures. To extract the linewidth of the inhomogeneous broadening (IB) from the experimental spectra, we performed deconvolution using the spectra of the encapsulated n3-150R1 as unbroadened reference spectra. The IB of the spectra at 70 K and 50 K in the sucrose/PB mixture are 9.07 and 10.86 Gauss (G), respectively. It is 9.68 G for the spectrum at 50 K in the glycerol/PB mixture. The large IB is likely due to the aggregate of the spin-labeled molecules during the formation of crystalline ice, as reported in prior studies (13, 25) . Additional experiments have been performed to confirm the clustering. The inset in Fig. 1 illustrates the spectra obtained in pure water at 200 K. The solid and dashed lines represent the spectra of n3-150R1 and TEMPOL molecule (with a very low spin concentration 0.05 mM), respectively, wherein a large IB can be observed in both spectra. Noncrystalline water may coexist with crystalline ice at 200 K (16) . As such, the observed large IB is due to partially crystallized water, resulting in an aggregate of spin-labeled molecules outside the ice crystals. Because clustering is expected to be greater for a smaller molecule, it is evident that the IB in the spectrum of TEMPOL is much greater than the IB in the spectrum of the peptide. Thus, it appears that the observed large IB in the spectra of the bulk solution studies, at 70 K and 50 K, suggests a likely aggregate in the vitrified solutions. In other words, the observation that all of the other spectra in Fig. 1 show insignificant IB indicates that the local environments of the peptides are mostly in a noncrystalline state (i.e., being in an amorphous state). The cw-ESR study clearly indicates that (i) both the studied experimental conditions, mesopores and vitrified bulk solvents, are useful in slowing down, although at different rates, the tumbling motion of spin-labeled molecules and avoiding the formation of crystalline ice above 200 K, and (ii) the local environments within mesopores, compared to the bulk solvents, are substantially different at cryogenic temperatures, therefore justifying further investigations.
We have also carried out spin dilution experiments to verify the clustering of the peptides in the vitrified bulk solvents at cryogenic temperatures. Fig. 2 shows the spectra of the doubly labeled n3 peptides in a 40% sucrose/PB solvent at 50 K, in the absence (red) and the presence (blue) of spin dilution (1∶1 mixture for labeled:unlabeled n3). The peptide structure (cf. inset) was de- rived from NMR data (21) . The large IB linewidth observed in the spectrum of the 100% labeled n3, was substantially reduced in the spin-diluted spectrum. The large IB accounts for the strong intermolecular dipolar broadening among the n3 peptides due to clustering. This spin dilution experiment provides strong support for the proposition drawn from Fig. 1 .
In addition to the qualitative spectral interpretation indicated above, the experimental spectra have been analyzed theoretically. The analyses provide quantitative dynamical descriptions for the spectral lineshape changes (see Section II in SI Appendix).
Distance Measurements by Pulsed Dipolar ESR to Reveal Biomolecular Conformations. Pulsed double electron-electron resonance (DEER) ESR experiments (26) (27) (28) have been performed for the doubly labeled n3 peptide, which carries cysteines at the third and ninth sites on each n3 (cf. inset in Fig. 2 ), at two cryogenic temperatures of 50 K and 70 K. The respective DEER echo signals are shown in Fig. 3 A and B . The DEER signals for the study within mesopores were found to decrease faster than the signals for the study in vitrified bulk solvent (sucrose/PB), as the spin concentration for the former was three times greater than the latter. (Note that the ratio of the solution volumes applied in the mesopore and bulk solution studies was 1∶5, therefore, we used a higher spin concentration in the mesopore study.) The baseline slope of DEER signal is strongly correlated with the mean spin concentration (29) . The red solid lines represent the best-fit baselines, which are exponential decays, obtained in the Tikhonov analysis (30, 31) . The corresponding Pake patterns, obtained from Fourier transformation of the time-domain DEER signals, are discussed in Section III in SI Appendix. Additionally, the distance distributions between spins in a doubly labeled n3 peptide can also be obtained in the Tikhonov analysis and are illustrated in Fig. 3C . The average distances for the four measurements are consistent with the expected value [i.e., approximately 1.9 nm (C β -C β ) derived from the NMR structure] (21). They are 2.01 (1.96) nm and 2.15 (2.17) nm for the solution and mesopore studies, respectively, at 50 K (70 K). The respective full-width at half-maximum (fwhm) values are 0.801 (0.991) nm and 0.597 (0.752) nm. The value of fwhm was found to increase with increasing temperature, which is consistent with the Boltzmann distribution law. The distance distributions from the doubly labeled n3 in solution are consistently greater in width than those within mesopores. The difference in the distance distributions of the two experimental conditions is indicated in Fig. 3C , wherein the distance distributions from the bulk solution studies appear to be broader and of greater heterogeneity. Because the experiments were conducted at such low cryogenic temperatures, wherein the structural (side-chain) mobilities of the peptide in the two experimental conditions are supposed to differ insignificantly, the results of the distance distributions suggest that the possible conformations of the n3 peptide in the vitrified bulk solvent are greater in population than those within mesopores. In particular, the structural conformation of the peptide in the bulk solution at 50 K seems to be of greatest heterogeneity, as indicated by the small bump located around 3nm in the distance distribution. The small bump was confirmed to exist by both maximum entropy method (32) , and the analysis of the Fourier transformation of the time-domain DEER signals (see Section III in SI Appendix). The DEER results illustrated in Fig. 3 provide supporting evidence to the cw-ESR results in Figs. 1 and 2 , which indicate that the local environments in the two studied conditions at cryogenic temperatures are different.
Spin-Counting Measurements to Report Heterogeneity in Solvent
Structure. We have also performed DEER experiments for the singly labeled peptide, n3-150R1, at 50 K, as shown in Fig. 4 . The black and blue solid lines represent the DEER signals V ðtÞ for the n3-150R1 in bulk solution and within mesopores, respectively. The best-fit baselines are plotted in red solid lines. It is clearly indicated that the DEER signal from the mesopore study decays exponentially in a monotonic way, showing no distinct spin echo, which is typical for random spin distributions (29) . A small amplitude modulation depth (illustrated and indicated by V m in Fig. 4 ) was observed in the DEER signal from the solution study (sucrose/PB). V m is defined by the limit of intramolecular V ðtÞ as all modulation is damped. The modulation depth can be immediately analyzed to yield an estimate of how many singly labeled peptide (N) are in a cluster using Eq. 1 (29, 33) ,
where p is the fraction of B spins (cf. Methods) inverted by the pump pulse in DEER experiment. It yields 1.6 singly labeled peptides per cluster (p ¼ 0.1), suggesting a peptide aggregate in the solution at 50 K. We have also analyzed the DEER results from the doubly labeled peptides (cf. Fig. 3 A and B) . The number of spins N is determined to be 2.0 (2.2) and 2.9 (3.6) in the doubly labeled peptides at 50 K (70 K) for the mesopore and bulk solution studies, respectively. The results also indicate an aggregate in the bulk solution measurements. We have also performed DEER measurement for the n3-150R1 in pure water at 50 K. No DEER signal was obtained, because of the formation of crystallized ice at 50 K, which consequently resulted in a significantly shorter phase memory relaxation time (T M ). The DEER measurement in pure water rules out the possibility that the solvents completely crystalize to ice in the studies of mesopores and vitrified bulk solvents and verifies that the T M values (see next section) for the mesopore studies represent the peptides encapsulated within mesopores rather than those left outside. The modulation depth analyses of the DEER experiments suggest that the local environments, within mesopores and in bulk sucrose/PB mixtures at cryogenic temperatures, are in noncrystalline amorphous states (rather than crystalline ice); however, a minor clustering of the peptide molecules can be found in the vitrified bulk solution.
Phase Memory Relaxation Times in a Nanochannel vs. Bulk Solution.
An electron spin echo (ESE) experiment (23) has also been performed at 50 K to obtain T M values for the studied experimental conditions. In analogy to the previous studies (23, 34) , ESE decay signals are fitted to a stretched exponential function in Eq. 2
where τ is the time between the two pulses in a Hahn echo sequence, x the exponent, and Y ð0Þ is the echo intensity at τ ¼ 0.
Fitting was performed by a least squares subroutine using Matlab. The obtained values of ðT M ½ns;xÞ are (2,397, 1.087) and (1,653, 0.853) for the n3-150R1 in the bulk solution and with the mesopores, respectively. The values of T M and x from the mesopore study were both found to be slightly smaller than those from the solution study. As demonstrated in the previous studies for spin labels in glassy solvents at cryogenic temperatures, both the relaxation parameters, T M and x, decrease with increasing density of proton in solvent (34) . As such, our result here suggests a higher packing density of solvent molecules around the spinlabeled peptides within mesopores than in bulk solution. Similar findings from the NMR results of confined water have also been reported (35) .
Discussion
In this discussion, we emphasize that a better amorphous state is formed within the nanochannel of mesoporous materials than in the vitrified bulk solvents at cryogenic temperatures. At a temperature above 200 K, our cw-ESR spectra indicate that the spin-labeled peptides are surrounded by amorphous solvents in both the experimental conditions studied and that the local environments at 200 K are similar. No clustering or aggregate was found in the spectra for both the experimental conditions above 200 K. At cryogenic temperatures, it is evident that the cw-ESR spectra from the bulk solution studies are much broader than the spectra from the mesopore studies. The large linewidth broadening, which is only observed in the bulk solution studies, permits conclusion that the surrounding solvents of peptide within mesopores remain in an amorphous state, whereas those in the bulk solutions (i.e., cryoprotectants/water mixtures) fail to maintain an amorphous state and freeze somewhat. The modest crystallization of the solvent molecules at cryogenic temperatures results in a minor aggregate and, consequently, a significant IB, which accounts for electron-spin exchange broadening between peptides, in the cw-ESR spectra. To avoid the large IB in the spectra, caused by the clustering of spin-labeled molecules outside the ice crystals, a higher concentration of the cryoprotectant molecules might be of help (e.g., >80% concentration). However, the native conformational structures of the proteins under investigation could easily be altered in response to the addition of cryoprotectants in the study. The evidence for the high correlation between the structural conformation of biomolecules and the behavior/structure of solvent molecules at cryogenic temperatures can be obtained from the results of the DEER experiments. In the DEER measurements, the modulation depths of the DEER signals for the bulk solution studies were found to be greater than those for the mesopore studies, suggesting that the spin-labeled peptides cluster (moderately) in the cryoprotectant/water mixtures. In the DEER distance measurements, the distance distributions obtained from the bulk solution studies were also found to be greater in width than those from the mesopore studies. The broad distributions for the bulk solution studies are likely due to the heterogeneity in the structure of solvents. Pulsed DEER-ESR is based on detecting a spin-echo, wherein the dipolar coupling can be isolated from other unwanted intermolecular couplings by means of the four-pulse sequence (27) . As such, dipolar interaction between spins on a peptide is unambiguously obtained. It has also been demonstrated that the ESR spectral lineshape of the encapsulated n3 peptides is closely correlated with the backbone dynamics, rather than side-chain mobility and global tumbling (6) . Presumably, the structural disordering (e.g., side-chain and backbone mobilities) of the n3 peptides in the two studied conditions are effectively arrested at such low cryogenic temperatures. All motions of the peptide in the two conditions are alike and of small magnitude. Thus, the difference observed in the distance distributions between the peptide in the bulk solution and mesopores is most likely attributed to the difference in the structural conformations transmitted from the local solvent environment (i.e., the solvent molecules surrounding the spin-labeled peptides). As a result, the peptide structure is altered due to the heterogeneity in the local environment in bulk solution, resulting in a broad distance distribution, representing broader conformational populations. The conformational structure of the n3 peptide is disturbed at cryogenic temperatures in response to the changes in the local structure of the vitrified solvent during flash-cooling. (Note that side-chain and backbone conformations may be affected by the solvent structural changes in the vitrified solution during flash-cooling.) In view of the observations of this study, mesopores, compared to vitrified solvents, provide an amorphous solid environment that is better suited to the study of biological structure at cryogenic temperatures. Our result also suggests a possible coexistence of an amorphous solid and a crystalline ice in the commonly used vitrified solvents at cryogenic temperatures.
In conclusion, we have carefully investigated the dynamic structure of the spin-labeled prion protein peptides within nanochannel of mesoporous materials and in vitrified bulk solutions using electron-spin labeling and cw/pulse ESR spectroscopic techniques. The result clearly indicates that the nanochannel of the mesoporous materials provides a well-defined amorphous environment enabling a homogeneous dispersion of the spinlabeled molecules within mesopores, whereas a phase heterogeneity in the vitrified bulk solvent is found at cryogenic temperatures. As a result of the local heterogeneity in the bulk solution mixture, biomolecules tend to cluster, and the structural conformations of the biomolecules are found to be greater in population than those in mesopores. Our study suggests promising avenues for probing protein native structures in nanochannels of mesoporous material (i.e., a confined nanospace that may mimic crowded nature within a cell) and for obtaining a better insight into the relationship between the protein structure and the local motions of hydration water.
Methods
Materials and Sample Preparation. The n3 peptides were custom-synthesized by Kelowna International Scientific Inc. with purity greater than 95%. The n3 peptide is a linear 26-mer polypeptide with a sequence of GNDYEDRYYREN-MYRYPNQVYYRPVA, where the first 25 residues correspond to the domain 142-166 of human prion protein and the underlined letters represent the segments that correspond to helix H1 and β-strand S2, respectively, in the normal prion structure (21) . The n3 peptide has the following properties: (i) It is highly soluble and does not aggregate up to a millimolar concentration range in aqueous medium; and (ii) it exhibits an intrinsic propensity to a β-hairpin conformation at neutral pH in a PB buffer. In this study, two mutantions of the n3 peptide, which are substituted with cysteine at the ninth site and at both the third and ninth sites, respectively, were studied. We denote the former and the latter mutations of the n3 peptide as n3-150R1 and doubly labeled n3 (cf. inset in Fig. 2 ), respectively. Each peptide has an acetylated N terminus and an amidated C terminus.
In the spin-labeling experiment, peptides were labeled with a 10-fold excess of (1-Oxy-2,2,5,5-tetramethyl-3-pyrroline-3-methyl) methanethiosulfonate spin label (MTSL) (Alexis biochemicals) per cysteine residue for overnight in the dark at 4°C. They were further purified by reverse phase HPLC with a Thermo Biobasic C18 semipreparative column, frozen immediately, and then lyophilized. H 2 O/acetonitrile gradients with 0.1% (v∕v) TFA as the counterion were used for the purification of all peptides. MALDI-TOF spectrometry experiments were conducted to confirm the identity of the peptides. The concentration of spin-labeled peptides used for ESR experiments of the solution studies in the absence of mesoporous materials was approximately 0.5 mM in a mixture of 40% sucrose (or glycerol) and PB buffer. The volume of the solution added into the ESR tube is ca. 100 μL. Sucrose and glycerol are two commonly used cryoprotectants in many of low temperature experiments. A higher percentage of the cryoprotectant in solution is rarely reported, and is not recommended for biological experiments because it could easily cause disturbance to the native conformations of biological macromolecules. In this study, the PB buffer was composed of 10 mM sodium phosphate (pH 6.5). In other words, PB buffer is mostly water. The 4-hydroxy-TEMPO (TEMPOL) was purchased from Aldrich.
Circular dichroism (CD) experiments were recorded on an Aviv 410 spectrometer, at room temperature and 4°C, to confirm that the secondary structures of the n3 mutants are unchanged and that there is still a β-hairpin conformation. Samples were studied in quartz tube cells with 1 mm of path length and scanned over the wavelength range of 190-260 nm by recording values at every 1 nm, with a 6 nm∕ min scan rate and a bandwidth of 1 nm. A CD experiment at subfreezing temperatures was not possible. As our previous cw-ESR study (6) demonstrated, the spin-labeled n3 is in a β-hairpin in both solution and mesopores at a temperature greater than 2°C; and no abrupt and substantial lineshape changes were observed for the spectra of the encapsulated n3 from room to cryogenic temperatures. Therefore, it is reasonably assumed that the n3 peptide was not denatured in our low temperature experiments. The n3 peptide has also never been reported as being denatured at subfreezing temperatures.
The mesoporous silica material with a cross-linked hexagonal pore structure and an average pore size of 7 nm (known as MSU-H) was purchased from Aldrich. The encapsulation of spin-labeled samples into the mesoporous materials was prepared as previously described (6) . The procedure was useful for incorporating spin-labeled biomolecules into the pores of mesoporous materials. The concentration of the doubly labeled peptides was ca. 1.5 mM (without cryoprotectant), which is three times greater than that used in the solution study, because the solution volume (20 μL) injected onto mesoporous materials was one-fifth of that used in the solution study. In the DEER experiments of singly labeled peptide (cf. Fig. 4 ) a spin concentration of 0.5 mM was used in both the mesopore and solution studies. We have also obtained the CD spectrum of the n3 as encapsulated within mesopores. The spectrum (see Section IV in SI Appendix) resembles the CD spectrum of the n3 from bulk solution, demonstrating that the β-hairpin secondary structure remains unchanged as confined within mesopores. Several recent studies have also demonstrated that the structure and conformation of the encapsulated proteins are well preserved within the mesopores (36, 37) .
Cw/Pulse ESR Measurements and Data Analysis. A Bruker ELEXSYS E580 cw/ pulse spectrometer, equipped with a Bruker pulse ELDOR unit E580-400, a dielectric resonator (ER4118X-MD5W), and a helium gas flow system (4118CF and 4112HV), was used. A cw-ESR experiment was performed with 1.5 mW incident microwave power. The swept magnetic range was 200 Gauss. The samples were loaded in 4 mm (O.D.) quartz ESR tubes.
Pulsed double electron-electron resonance (DEER) experiments were carried out using the four-pulse constant-time DEER sequence: π∕2ðω A Þ − τ 1 − πðω A Þ − ðτ 1 þ tÞ − πðω B Þ − ðτ 2 − tÞ − πðω A Þ − τ 2 − echo (27) . The detection pulses (ω A ) were set to 32 and 16 ns for π and π∕2 pulses, respectively, and pump frequency (ω B ) was set to approximately 70 MHz, which corresponds to approximately 24.7 Gauss field separation, higher than the detection pulse frequency. The pulse amplitudes were chosen to optimize the refocused echo. The π∕2-pulse was employed with þx∕ − x phase cycle to eliminate receiver offsets. The durations of pumping pulse was about 32 ns, and its frequency (ω B ) was coupled into the microwave bridge by a commercially available setup (E580-400U) from Bruker. All pulses were amplified via a pulsed traveling wave tube (TWT) amplifier (E580-1030). The field was adjusted such that the pump pulse is applied to the maximum of the nitroxide spectrum, where it selects the central m I ¼ 0 transition of A zz together with the m I ¼ 0, AE1 transitions. The echo was measured as a function of t, while τ 2 was kept constant, depending on phase memory spin-spin relaxation time (T M ). Typical numbers of shots per points and scan number were set to 100 and 100-300, respectively. Accumulation time for each set of data was about 10 h.
The ESE experiments were applied using the Carr-Purcell sequence, consisting of a π∕2 pulse along the x axis followed by a delay τ and a train of π pulses, separated by interpulse delays 2τ. The pulse frequency was chosen to optimize the spin echo, and the duration time of π∕2 and π pulses were set to 16 and 32 ns.
The same samples were used for both cw-ESR and pulse-ESR measurements. The pulse-ESR measurements were performed prior to the cw-ESR measurements. A common freezing approach was used. The sample tube was plunge-frozen in liquid nitrogen and then transferred into the ESR probehead, where it was precooled to 50 K using helium flow system. After the measurements at 50 K were completed, the temperature was increased for the measurements at 70 K. The samples were stored in liquid nitrogen before being placed into the EPR probehead precooled to the working temperatures for cw measurements. For all of the ESR measurements, we waited longer than 30 min to allow the thermal equilibrium between the sample and ESR probehead. To test the reproducibility of the freezing procedure, measurements were repeated three times, by freezing different samples taken from the same stock solution. The results were highly reproducible.
The determination of interspin distance distribution of the DEER spectroscopy was performed in the time-domain analysis by Tikhonov regularization based on the L-curve method (30, 31) . The results of the distance distribution were further refined by means of the maximum entropy method (32) .
